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Structural Basis of End-Stage Failure in 
Ischemic Cardiomyopathy in Humans 

Carlo Alberto Beltrami, MD; Niooletta Finato, MD; Maurizio Rocco, MD; Giorgio A. Feruglio, MD; 
Cesare Puricelli, MD; Elena Cigola, PhD; Federioo Quaint, MD; Edmund H. Sonnenblick, MD; 

Giorgio Olivetti, MD; Piern Anversa. MD 



Background Ischemic cardiomyopathy is characterized by 
myocyte loss, reactive cellular hypertrophy, and ventricular 
scarring. However, the relative contribution of these tissue and 
cellular processes to late failure remains to be determined. 

Methods and Route Ten hearts were obtained from indi- 
viduals undergoing cardiac transplantation as a result of 
chronic coronary artery disease in its terminal stage. An 
identical number of control hearts were collected at autopsy 
from patients who died from causes other than cardiovascular 
disease, and morphometry methodologies were applied to the 
analysis of the left and right ventricular myocardium. Left 
ventricular hypertrophy evaluated as a change in organ weight, 
aggregate myocyte mass, and myocyte cell volume per nucleus 
showed increases of 85%, 47%, and 103%, respectively. Cor- 
responding increases in the right ventricle were 75%, 74%, and 
112%. Myocyte loss, which accounted for 28% and 30% in the 
left and right ventricles, was responsible for the difference in 
the assessment of myocyte hypertrophy at the ventricular, 
tissue, and cellular levels. Left ventricular muscle ceH hyper- 



Ischemic cardiomyopathy is an anatomic condition 
initiated by primary events in the coronary circula- 
tion that lead to myocyte loss, scarring, and ventric- 
ular failure. Cell loss occurs as a result of narrowing 
and/or occlusion of coronary arteries by atherosclerosis, 
spasm of major or intramural arterial branches of the 
coronary vasculature, or alterations of the microcircula- 
tion, which, alone or in combination, produce varying 
degrees of ischemia and tissue injury. 1 * 6 The clinical 
spectrum ranges from acute myocardial infarction to 
chronic ischemic cardiomyopathy. The latter case may 
take the form of a dilated ischemic myopathy character- 
ized by multiple focal sites of myocardial damage in the 
ventricular wall. 7 In the most common manifestation, in 
which scattered foci of replacement fibrosis are found in 
conjunction with a healed infarct, the question remains 
concerning the pathophysiological significance of these 
two types of myocardial lesions. Specifically, it has not 
been established whether the segmental loss of myocar- 
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trophy was accomplished through a 16% and 51% increase in 
myocyte diameter and length, whereas right ventricular myo- 
cyte hypertrophy was the consequence of a 13% and 67% 
increase in these linear dimensions, respectively. Moreover, a 
36% reduction in the number of myocytes included in the 
thickness of the left ventricular wall was found. Collagen 
accumulation in the form of segmental, replacement, and 
interstitial fibrosis comprised an average 28% and 13% of the 
left and right ventricular myocardia, respectively. The combi- 
nation of eel* loss and myocardial fibrosis, myocyte lengthen- 
ing, and mural slippage of cells resulted in 4.6-fold expansion 
of left ventricular cavitary volume and a 56% reduction in the 
ventricular mass-to-chamber volume ratio. 

Conclusions These results are consistent with the conten- 
tion that both myocyte and collagen compartments participate 
in the development of decompensated eccentric ventricular 
hypertrophy in the cardiomyopathy heart of ischemic origin. 
(Circulation. 1994^9:151-163.) 

A^y Words • hypertrophy • collagen • dilation 



dium associated with coronary artery occlusion and infarc- 
tion is the principal determinant of myocyte cell loss, wall 
thinning, ventricular dilation, and worsening of the hemo- 
dynamic performance with time or whether the multiple- 
isolated sites of tissue injury in the noninfarcted portions 
of the wall are major factors in the progression of the 
cardiac myopathy. In addition, both forms of ischemic 
damage reduce the amount of functioning myocardium, 
increasing the load on the surviving region of the ventricle, 
which undergoes compensatory reactive hypertrophy. 6 - 9 
This growth process may expand the length of the unaf- 
fected myocytes more than myocyte diameter, contribut- 
ing to chamber dilation and relative thinning of the 
wall.' 0 M Ventricular dilation has repeatedly been demon- 
strated to constitute an unfavorable outcome of the isch- 
emic cardiomyopathy heart acutely and chronically. 12 - 16 
Moreover, this anatomic factor has been shown io limit 
survival in both humans and animal models. 9 Therefore, 
the present investigation was undertaken to analyze the 
quantitative structural properties of hearts removed from 
patients undergoing cardiac transplantation as a result of 
chronic ischemic heart disease and refractory congestive 
heart failure. Hearts collected at autopsy from individuals 
who died from causes other than cardiovascular disease 
were used as controls. 

Methods 

Patient Popalati n 

Ten hearts were obtained from male patients who underwent 
cardiac transplantation at the University Hospital of Udine 
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Medical School from June 1989 t May 1992. These patients 
had a history of myocardial infarction and severe coronary 
artery disease. Intractable congestive heart failure was the 
cause of cardiac transplantation. An additional group of 10 
hearts was collected at autopsy, within 24 hours after death, and 
assumed to represent normal hearts. According to preautopsy 
criteria, autopsy criteria, and histological criteria that have been 
described in detail previous^," these hearts were used as 
controls. In 7 of the 10 patients whose hearts were used as 
controls, death was sudden and provoked by a traumatic injury. 
In the remaining 3 cases, cerebral hemorrhage was found in 2 
Mid pulmonary thromboembolism in 1. In these 3 patients, 
death occurred within 5 days after hospitalization. 

Cardiac Wdgfe! 

After excision of the heart, the great vessels were removed, 
the atria were dissected free along the atrial ventricular 
groove, and the coronary arteries were cut perpendicularly to 
their course for the assessment of the degree of atherosclero- 
sis. The cpicardial fat was then carefully removed, the valves 
were cut free, and the weights of the left ventricle inclusive of 
the septum and right ventricular free wall were determined. 
Ventricular mass volume was then computed fay dividing 
^ ventricular weight by the specific gravity of muscle tissue, 1.06 
g/mL« Before sectioning, the major longitudinal intracavitary 
axis of the left ventricle was determined. 19 

Preparation of Myocardial Specimens 

The two ventricles of each heart were sliced into seven 
sections, approximately 15 mm in thickness, perpendicularly to 
the major axis of the heart from the apex to the base. These 
sections were then examined grossly for the assessment of 
large areas of myocardial fibrosis. The midsection (No. 4) was 
used to estimate transverse chamber diameter and wall thick- 
ness." Subsequently, the two middle slices of the free wall of 
each ventricle (sections 4 and 5) were cut radially to obtain 
tissue fragments extending from the endocardial to the epicar- 
dial surface. These samples were fixed in 10% buffered 
formalin and embedded in paraffin. An additional sampling of 
two tissue blocks from each remaining slice of each ventricle 
and two from the interventricular upturn was obtained and 
embedded in paraffin for further estimation of the presence of 
myocardial fibrosis and tissue injury. 

Tissue Sampling for the Estimation of 
Replacement Fibrosis 

Quantitative analysis was restricted to the two transverse 
myocardial ^slices of both ventricles, which were completely 
processed for histological examination. These multiple sam- 
ples were sectioned and jtained with hematoxylin and eosin 
and tnchrorne. Subsequently, each stained histological section 
was examined with a microscope equipped with a camera 
connected to a computerized imaae-afiatvsis «vsf f m /ira* 
Zeiss, Oberkochen, Germany). For the 'evaluation of'the 
volume percent of the myocardium occupied by foci of replace- 
mem fibrosis, all sections obtained from the two transverse 
myocardial slices of each ventricle were evaluated with a x2 5 
objective that defined a final tissue area of 4.4 mm 2 . By this 
approach, the areas of tissue occupied by these discrete 
myocardial lesions and normal myocardium were determined 
to compute their relative volumes in each ventricle. 20 

Tissue Sampling for the Estimation f 

Myocyte Nuclear Numerical Density and Myocyte 

Nuclear Length 

Six randomly chosen embedded tissue blocks from each 
ventricle were sectioned at a thickness of 2 to 3 M m and stained 
*! ? hematoxylin and eosin. These sections were examined 
witha x63 objective, which defined a tissue area of 991 1 am 2 
Morphometry sampling consisted of counting the total num- 



ber of myocyte nuclear profiles, N(n), in a measured area A. 
of tissue sections in which cardiac muscle fibers were sectioned 
transversely. A square tissue area was delineated in the 
projected field by a grid containing 42 sampling points. One 
hundred fields were evaluated in each ventricle of each heart 
t determine the mean number of nuclear profiles per unit 
area of myocytes, N(n) A . Average nuclear length, D 0 , was 
determined from 50 measurements in each ventricle, which 
were made at a magnification of x630 in longitudinally 
oriented myocytes. Only those nuclei in which the nuclear 
envelope was sharply defined at both ends and in which 
clusters of mitochondria were clearly visible in the areas 
adjacent to the nuclear edges were measured* In addition, 
myocyte diameter, d, in the region of the nucleus was obtained 
in these cells. 

Tissue Sampling for Estimation of Volume 
Composition of Myocardium 

The same tissue block, used for the evaluation of nuclear 
numerical density and length were used here. However sec- 
tions were stained with trichrome, and their projected unages 
were examined with the morphometry grid indicated above In 
particular, the volume percent of myocytes in the tissue, 
y(m) v . was obtained by counting the fraction of points over- 
lying the myocyte compartment in each of the 100 fields 
examined" Similarly, the volume fraction of the nonmyocyte 
compartment occupied by interstitial fibrosis and vascular 
framework was estimated from the number of points lying over 
these two tissue components. 

Morphometric Calculations 

The data of myocyte nuclear numerical density, N(n) A , 
nuclear length, D B , and volume fraction of myocytes in the 
myocardium were combined to yield the average measurement 
of the number of myocyte nuclei per unit volume of myocytes, 
N(n) v , in the ventricle using the following equation 2 *": 

< ! > NfnJv-NfnWD, 

The aggregate volume of myocytes in the ventricle, V(m)r, 
wj* then derived from the ventricular volume measurement V 
andv(m) v : 



(2) 



V(m>r*VxV(m)v 



The total number of myocyte nuclei in the ventricle. NfnW 
was compu;ed from N(n)y and V(m>T: 



(3) 



N'n^NlnMVOnK 



V(m) T divided by N(n)r yielded the average myocyte cell 
volume per nucleus, V(m) B , in the ventricle in each heart: 



(4) 



V(m) 0 =V<m>,/N(n>r 



Myocyte length per nucleus, L(m) B , was derived from the 
quotient of myocyte cell volume per nucleus, V(m) fl , and 
myocyte diameter in the region of the nucleus, d: 



(5) 



Mm) 0 =V(m),/d 



Finally, the estimations of the volume fraction of replace- 
ment fibrosis and interstitial fibrosis were combined with the 
derivation of ventricular volume to yield the aggregate volumes 
of these component structures in the myocardium. 

Statistical Analysis 

All morphometric data were collected blindly, and the code 
was broken at the end of the experiment. Results are pre- 
sented as meanrtSD computed from the average measure- 
ments btained from each heart. Statistical significance for 
comparison between two measurements was determined using 
the unpaired two-tailed Student's / test. Values of P<Sfi were 
considered to be significant. 
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Table 1. Gross Cardiac Characteristics 



Characteristic 


Controls 


Ischemic Cardiomyopathy 


Difference, % 


P 


Age.y 


51 ±6 


52±9 


2 


NS 


Body weight, kg 


78±11 


72±7 


-8 


NS 


Height* on 


173±8 


174+9 


0 


NS 


Body surface, m* 


1.92±0.15 


1.86 ±0.1 4 


-3 


NS 


Heart weight, g 


217±27 


396±45 


82 


<.001 


Left ventricular weight, g 


163±23 


301 ±49 


85 


<.001 


Right ventricular weight, g 


54±6 


95±33 


75 


<.005 


Heart weight/body weight, g/kg 


2.76±0.44 


5.49±0.703 


97 


<.0001 


Left ventricular weight/body weight, g/kg 


2.1 11 ±0.359 


4.171 ±0.524 


98 


<.0001 


Right ventricular weight/body weight, g/kg 


0.702±0.102 


1 .355+0.591 


93 


<.005 


Heart weight/body surface, g/m 2 


113±14 


213±25 


88 


<.0001 


Left ventricular weight/body surface, g/m 8 


85±12 


162±21 


90 


<.0001 


Right ventricular weight/body eurface, g/m 8 


28±3 


51 ±21 


84 


<.005 


Thickness of left ventricular wall, mm 










Anterior wall 


13.8±1.8 


15.5±4.2 


13 


NS 


Lateral wall 


14.1 ±1.9 


12.4±3.7 


-12 


NS 


Posterior wall 


13.9±1.4 


10.7±4.9 


-23 


NS 


Average 


13.9±1.6 


12.7±3.1 


-8 


NS 


Thickness of right ventricular wall, mm 










Anterior wall 


4.91 ±1.25 


6.21 ±1.78 


26 


NS 


Posterior wall 


4.66±0.61 


6.76±2.88 


45 


<.05 


Average 


4.78±0.78 


6.48+1.92 


36 


<.025 


Results are presented as mean±SD. 











Results 

Clinical Data 

The 10 patients affected by ischemic cardiomyopathy 
had New York Heart Association functional class HI or 
IV. The. duration of heart failure was 23±24 months 
(range, 5 to 84 months). Ejection fraction was 22±8%. 
Diabetes and pulmonary hypertension singularly or in 
combination were found in 4 of the 10 patients. Chronic 
obstructive pulmonary disease and thalassemia minor 
were seen in 2 of these 4 cases. None of the patients had 
a history of systemic hypertension, but all suffered from 
a previous myocardial infarction. The initial myocardial 
infarction was as remote as 14 years and as recent as 8 
months before transplantation, averaging 6±4 years in 
the entire group. Six patients previously had received 
single or multiple coronary bypass surgery. Left ventric- 
ular aneurysm was found in 4 patients. 

Control hearts were obtained from individuals similar 
in age, body weight, body surface, and height (Table 1) 
who died not as a result of primary heart disease or as 
a consequence of major risk factors of coronary artery 
disease, including hypertension, diabetes, obesity, 
and/ r severe atherosclerosis. In addition, the autopsy 
report and the histological examination of all organs 
excluded diffuse, metastatic malignant neoplasms and 
chronic inflammatory states. In three of the seven 
patients in whom death was associated with a traumatic 
injury (see "Methods"), a complete medical history 
could not be obtained. Their suitability as contr Is was 



based on the absence of a previous hospital record and 
on the fact that the autopsy failed to reveal underlying 
pathological processes, with the exception of the dam- 
age produced by the acute traumatic injury. A detailed 
description of the multiple criteria used to characterize 
a normal individual and a nonpathological heart has 
recently been provided. 17 * 

Anatomic Parameters 

Table 1 shows the age of the patients and the gross 
characteristics of the left and right ventricles after careful 
dissection of the epicardial fat. Ischemic heart disease 
was associated with an 85% and 75% increase in left and 
right ventricular weight, respectively. When cardiac 
weights were normalized by body weight, left and right 
ventricular weight-to-body weight ratio increased by 
2.0-fold and 1.9 -fold, respectively. Similar changes were 
seen with regard to body surface. The thickness of the 
anterior, lateral, and posterior aspects of the left ventric- 
ular wall was comparable in normal and diseased hearts, 
whereas average right ventricular waif thickness in- 
creased 36% with ischemic cardiomyopathy. 

Fig 1 illustrates that the transverse chamber diameter 
of the left ventricle at the equatorial region of the heart 
increased 99% (P<.0001) with ischemic cardiomyopa- 
thy. Because the longitudinal intracavitary axis ex- 
panded 15% (P<.05), the calculated chamber volume 22 
was found to be nearly 4.6-fold (P<.0001) greater. This 
magnitude of ventricular dilation provoked a 56% 
(/ > <.0001) reduction in the ventricular mass-to-cham- 
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bcr volume ratio in the absence of an increase in the 
average thickness of the wall (Table 1). 

In view of the difficulty in the determination of right 
ventricular chamber volume, right ventricular wall area 
was calculated as previously performed. 23 The compu- 
tation of ventricular wall area, which is obtained by 
dividing wall volume by wall thickness, 23 assumes that 
the ventricular wall may be treated as a thin sheet. Thus, 
increases in wall area imply larger chamber volumes. By 
this approach, it was found that this parameter was 
109±18 cm 2 in normal hearts and 149±46 cm 2 in 
wchemic cardiomyopathy. I he 37% difference was 
found to be statistical!)' significant (/><.05). However, 
such an expansion in wall area was significantly less than 
the magnitude of hypertrophic growth in the right 
ventricular wall (Table 1). 

In summary, ischemic cardiomyopathy led to cardiac 
hypertrophy and ventricular dilation. However, the ex- 
pansion in chamber volume exceeded the growth re- 
sponse of the myocardium in the left ventricle, whereas 
an opposite effect was found in the right ventricle. 

Myocardial Structure 

Gross sectioning of the coronary vasculature revealed 
severe diffuse coronary atherosclerosis involving the 
three major vessels in aU cases. Occlusions of one or two 
coronary arteries were found in each of the 10 cases. 
Although histological examination did not show thick- 



ening of the wall or other pathological changes of the 
intramural branches of the coronary arterial tree, the 
impossibility of fixing the myocardium by perfusion of 
the coronary vasculature limited the light microscopic 
analysis of intermediate-sized arteries and arterioles. 
Thus, an accurate study of the intramyocardial coronary 
artery branches could not be performed. 

Segmental fibrosis, replacement fibrosis, and intersti- 
tial fibrosis are used as quantise definitions. In this 
investigation, segmental fibrosis defines a healed myo- 
cardial infarct that comprises an area of myocardium 
> 1 cm 2 , whereas replacement fibrosis describes discrete 
areas of myocardial scarring developed as a result of 
focal myocyte cell loss. These sites of myocardial injury 
vary in size but are <1 cm 2 . Finally, interstitial fibrosis 
corresponds to widening of the interstitial space with 
collagen accumulation in the absence of apparent rayo- 
cytolytic necrosis and focal cell death. These three 
forms of tissue injury have been described previously 
(for review, see Reference 7) to distinguish the effects 
of occlusion of a major coronary artery from those 
involving small branches of the coronary circulation r 
activation of interstitial fibroblasts, independent of myo- 
cyte cell death. Figs 2A, 2B, 3A, and 3B illustrate these 
different aspects of myocardial damage. 

Gross inspection of the slices of the left ventricle 
inclusive of the interventricular septum and right ventri- 
cle of each heart revealed segmental areas of myocardial 
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fibrosis consistent with a previous myocardial infarct. 
However, these sites of myocardial scarring were 
restricted to the left ventricle. Some aspects of these 
areas of damage are illustrated in Fig 2A, which was 
obtained by low-power light microscopy of large sec- 
tions of paraffin-embedded material. In addition, tissue 
sections of the noninfarcted myocardium demon- 
strated that ischemic cardiomyopathy was accompa- 
nied by multiple sites of myocardial injury across the 
wall of the left and right ventricles (Fig 2B). These 
lesions were more numerous in the endomyocardium 



than in the midmyocardium and epimyocafdium of 
both ventricles. Such patchy areas of replacement 
fibrosis consisted of collagen accumulation surround- 
ing at times small myocyte profiles. Large fibroblasts 
dispersed within collagen also were present (Fig 3A). 
Furthermore, the myocardial tissue, free of th se foci 
of damage, showed diffuse interstitial fibrosis (Fig 3B) 
that involved the wall of the left and right ventricles. 
Myocytes were enlarged, although a certain variability 
in muscle cell size was noted. Similar structural char- 
acteristics were seen in the multiple myocardial sam- 
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Fiq 3. Photomterographs of loft ven- 
tricular tissue sections of myocardium 
remote from the infercted region 
shewing small areas of replacement 
fibrosis and bundles of ooRagen sur- 
rounding small clusters of myocytes 
of variable size (A). Diffuse Interstitial 
fibrosis of the myocardium Is also 
apparent (6). Hematoxylin and eosfn 
staining. A, x500. B. x270. Bar cor* 
responds to 25 In A and 50 
InB. 




pies included in the analysis of each heart. These 
morphological findings were observed in all 10 cases 
examined. 

in summary, ischemic cardiomyopathy was character- 
ized by left ventricular myocardial infarction and by 
multiple foci of replacement fibrosis and diffuse inter- 
stitial fibrosis, which affected the noninfarcted myocar- 
dium of both ventricles. 

Quantitative Analysis of Myocardial Fibrosis 

Fig 4A illustrates the contribution of segmental myocar- 
dial scarring, replacement fibrosis, and interstitial fibrosis 
to the accumulation of collagen in the left and right 
ventricles with ischemic cardiomyopathy. In the left ven- 
tricle, the volume percent of myocardial scarring associ- 
ated with healed infarcts was nearly 9%, whereas replace- 
ment fibrosis involved an average 14% of the ventricular 
wall. In addition, interstitial fibrosis comprised approxi- 
mately 6% of the nondamaged myocardium. In compari- 
son with normal left ventricles, the relative amounts of 



replacement and interstitial fibrosis were increased four- 
fold (/><. 005) and twofold (/><. 0001), respectively. When 
the three different forms of myocardial fibrosis were 
combined, 28% of the ventricular wall was tound to be 
represented by fibrotic tissue in ischemic cardiomyopathy. 
This magnitude of collagen constituted ? 4.5-fold 
(P<.0001) increase with respect to control hearts. 

Fig 4B documents the regional distribution of replace- 
ment fibrosis in the left ventricular wall. This parameter 
appeared to be higher in the endomyocardium, interme- 
diate in the midmyocardium, and lower in the epimyocar- 
dium in both normal and pathological hearts. On the other 
hand, ischemic cardiomyopathy was characterized by a 
3.9-fold (P<.005), 4.0-fold (/><.0Q5), and 4.5-fold 
(P<.005) increase in replacement fibrosis in the inner, 
middle, and outer layers of the wall, respectively. In 
addition, the individual foci of replacement fibrosis were 
variable in size, ranging from a minimum of 230 /an 2 to a 
maximum of 80x 10 6 fim\ This latter cross-sectional area 
was encountered in one patient only once. The second 
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Fig 4. Bar graphs of effects of Ischemic cardiomyopathy (IC) on the relative amounts of segmental, replacement, and interstitial fibrosis 
in the myocardium. C indicates control hearts. Results are presented as mean±SD. 'indicates a value that Is statistically different. 



larger site of replacement fibrosis was 30x 10* /*m 2 and the 
third was 25 x 10* pin 3 , both of which were seen as isolated 
examples in two separate cases. Thus, the quantification of 
replacement fibrosis included foci < 1 cm 2 . This dimension 
was assumed to represent the upper limit for this form of • 
myocardial damage. Such an arbitrary approach implied 
that areas of myocardial scarring >1 cm 2 had to be 
considered as microinfarcts. 

Fig 4C shows the volume fraction of replacement and 
interstitial fibrosis in the right ventricular myocardium. 
Ischemic cardiomyopathy resulted in 4.0-fold (P<.001) 
and 18-fold (/><.0001) increases in these two forms of 
myocardial scarring, which together were found to com- 
prise an average 13% of the ventricular wall. Moreover, 
the mural distribution of replacement fibrosis (Fig 4D) 
was similar to that seen in the left ventricle (Fig 4B), 
because this tissue parameter occupied a larger fraction of 
the endomyocardium than of the epimyocardium. How- 
ever, similar increases in the relative volume of replace- 
ment fibrosis in the endomyocardium (3.7-fold; P<.0QS) 
and epimyocardium (4.5-fold; P<.0001) were detected 
with ischemic cardiomyopathy. 

In summary, ischemic cardiomyopathy was character- 
ized by segmental myocardial scarring, replacement 
fibrosis, and interstitial fibrosis that markedly altered 
the normal structure of the myocardium. 

Number of Myocyte Nuclei in the Ventricles 

The primary measurements that were used for deriva- 
tion of the numerical density of myocyte nuclei per unit 
volume of myocytes consisted of the determination of the 
number of myocyte nuclei per unit area of myocytes and 
the evaluation of average nuclear length. The products of 



these parameters with the aggregate volume of myocytes 
in the ventricular myocardium yielded the total number of 
myocyte nuclei in the ventricles. 21 The results obtained in 
normal and diseased hearts are shown in Fig S. In com- 
parison with control hearts, the left ventricle of cardiomy- 
opathy hearts showed a 28% (P<.01) loss in the total 
number of myocyte nuclei. This measurement included 
the contribution of myocardial infarction. A 30% (P<.0S) 
loss in myocyte nuclei was found in the right ventricle, It 
should be noted that these decreases in the total number 
of myocyte nuclei in the ventricles correspond to identical 
changes in myocyte number if the proportion between 
mononucleate^ and binucleated cells in the myocardium 
remains essentially constant 

In summary, ischemic cardiomyopathy led to a signif- 
icant amount of myocyte loss in the ventricular 
myocardium. 
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Fig 5. Bar graph of effects of ischemic cardiomyopathy (IC) on 
the total number of myocyte nuclei In the ventricular wall. C 
Indicates control hearts. Results are presented as mean±SD. 
♦Indicates a value that Is statistically different. 
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Myocyte Cell Volume per Nucleus 

Fig 6 shows the measurements of myocyte cell volume 
per nucleus obtained in the left and right ventricles of 
control and pathological hearts. In comparison with 
normal hearts, myocyte cell volume per nucleus with 
ischemic cardiomyopathy increased 103% (P<.0001) 
and 112% (/»<X)001) in the left and right ventricles, 
respectively. Because average myocyte diameter and 
cross-sectional area expanded by 16% (P<.05) and 34% 
(P<.05) in left myocytes, mean myocyte length per 
nucleus v/as found to be increased by 51% (P<JS05). 
Corresponding increases in myocyte diameter, cross- 
sectional area, and length per nucleus in the right 
ventricle were 13% (/><.05), 27% (/><.05), and 67% 
(P<.005). These cellular parameters were all collected 
in myocardial tissue remote from the infarcted area. 

The availability of wall thickness measurements, vol- 
ume fraction of myocytes, and myocyte diameter al- 
lowed the computation of the average number of myo- 
cyte profiles included in the thickness of the left 
ventricular wall.* This analysis revealed that the mural 
number of myocytes in control and diseased left ventri- 
cles was 541 ±105 and 344+128, resoectively. Thus, 
ischemic cardiomyopathy resulted in a 36% (/><.005) 
reduction in the number of myocytes in the wall. In 
contrast, the mural number of myocytes remained con- 
stant in the right ventricle, from a value of 204±35 in 
controls to a value of 219±73 in myopathic hearts. 



In summary, ischemic cardiomyopathy was character- 
ized by biventricular myocyte hypertrophy in which the 
increases in cell length exceeded the lateral expansion 
of myocytes. Moreover, side-to-side slippage of myo- 
cytes may have occurred in the left ventricular wall. 

Aggregate Volume Changes in the Heart 

Fig 7 shows the effects of ischemic cardiomyopathy on 
the absolute constituent volumes of the left and right 
ventricular myocardia. These results were obtained by 
multiplying the volume percent of the different compo- 
nents of the collagen compartment (Fig 4) and volume 
fraction of myocytes (data not shown) by the overall 
tissue volume. Tissue volume was obtained from the 
quotient of the ventricular weight and the specific 
gravity of muscle. 18 In comparison with control left 
ventricles, ischemic cardiomyopathy was seen to pro- 
duce a 47% (P<.001) increase in the aggregate volume 
of myocytes and a 7.4-fold (P<.001) and 3.7-fold 
(P<.0001) increase in the total volume of replacement 
and interstitial fibrosis in the entire left ventricular 
myocardium. When the amount of collagen associated 
with the segmental loss of myocardium was combined 
with the magnitude of collagen coupled with replace- 
ment and interstitial fibrosis, the expansion of the whole 
collagen compartment was found to be 8.3 -fold 
(/ > <.0001). Thus, the increase in connective tissue ex- 
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ceeded the increase in left ventricular mass, which, in 
turn, exceeded the expansion in total myocyte volume. 

Figs 7C and 7D illustrate how ischemic cardiomyop- 
athy affected the absolute amounts of myocytes and 
collagen in the right ventricular wall. The myocyte 
compartment was seen to be increased by 74% (P<.01). 
In addition, the magnitude of replacement and intersti- 
tial fibrosis increased 6.9-fold (F<.0001) and 4.6-fold 
(P<.0001). As a whole, connective tissue increased 
53-fold (P<.0001). Thus, the accumulation of collagen 
in the right ventricular myocardium was greater than 
the overall increase in right ventricular and myocyte 
mass. 

Table 2 lists the relative and absolute amounts of 
segmental, replacement, and interstitial fibrosis in the 
left and right ventricular myocardia of each cardiomyo- 
pathy heart. In 6 of the 10 cases, the magnitude of 
replacement fibrosis in the left ventricle exceeded the 
extent of scarring associated with myocardial infarction. 
In 3 instances, segmental fibrosis involved a larger 
portion of the left ventricle than replacement fibrosis, 
whereas both forms of scarring were essentially identi- 
cal in the 1 remaining case. In 8 cases, replacement and 
interstitial fibrosis combined represented the major 
source of collagen accumulation in the left ventricle. 
Finally, the analysis of the seven slices of each left 
ventricle (see "Methods") demonstrated that a single 
myocardial infarct was found in eight cases and two 
infarcts in two cases (hearts 5 and 6 in Table 2). These 
were healed infarcts and n acute lesi ns were n ted. 

In patient 5 (Table 1), there was an infarct comprising 
8% of the anterolateral aspect of the left ventricular 



free wall and a second infarct involving 5% of the 
posterior portion of the left ventricle. These areas of 
segmental fibrosis were associated with severe athero- 
sclerosis and marked reductions in luminal diameter of 
the left anterior descending and left and right circum- 
flex coronary arteries. Patient 6 (Table 1) had two 
infarcts affecting 10% and 7% of the interventricular 
septum and posterior region of the left ventricular wall,: 
respectively. Coronary atherosclerosis with severe nar- 
rowing of all major epicardial coronary arteries was 
present. In the remaining eight cases, the size of each 
infarct is listed first in Table 2 as segmental fibrosis, it 
should be emphasized that foci of myocardial scarring 
<1 cm 2 were not included in this category. 

In the right ventricle, segmental fibrosis was absent in 
all cases, and replacement fibrosis was the predominant 
form of coiiagen accumulation in six hearts. Interstitial 
fibrosis exceeded replacement fibrosis in three in- 
stances, whereas similar values in these two aspects of 
myocardial damage were seen in one case. In compari- 
son with the left ventricle, the volume percent of 
replacement fibrosis in the corresponding right ventricle 
was significantly less in 9 of the 10 cardiomyopathy 
hearts. The relative amount of interstitial fibrosis was 
more variable in the 2 ventricles. This parameter was 
higher in the left ventricle in 4 cases, less in 4, and 
similar in 2. However, in 9 hearts, the volume fraction of 
replacement and interstitial fibrosis combined was 
lower in the right ventricle than in the left ventricle. 

In summary, ischemic cardiomyopathy was character- 
ized by accumulation of collagen biventricularly, mostly 
in the form of replacement and interstitial fibrosis. 
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Discussion 

The results of the present study indicate that ischemic 
cardiomyopathy in its terminal stage was characterized 
by decompensated eccentric left ventricular hypertro- 
phy, documented by an increase in cardiac weight and a 
decrease in the ventricular mass-to-chamber volume 
ratio. Myocardial damage consisted of healed infarcts, 
multiple foci of replacement fibrosis across the ventric- 
ular wall, and diffuse interstitial fibrosis. These different 
forms of tissue injury were associated with a significant 
amount of myocyte loss and reactive hypertrophy of the 
remaining viable cells. The growth response of myo- 
cytes, however, showed an increase in cell length that 
exceeded the lateral expansion of the cell. Such a 
change in myocyte shape contributed to ventricular 
dilation and relative thinning oi the wall. Importantly, 
the addition of myocyte muscle mass by cellular hyper- 
trophy was less than that of collagen, so diffuse myocar- 
dial fibrosis and myocyte cell loss may represent the 
major structural rearrangements of the failing cardio- 
myopathy heart of ischemic origin. 

Ischemic Cardiomyopathy and 
Ventricular Hypertrophy 

Increasing pressure loading on the heart induces 
concentric ventricular hypertrophy in which wall thick- 
ness increases without chamber enlargement. 10 -"- 24 In 
its compensated form, mural thickening is the result of 
an increase in myocyte diameter with no change in the 
mural number of myocytes or in the aggregate number 
of cells in the entire ventricle. 24 The combination of 
these events leads to an augmentation in the ventricular 



mass-to-chamber volume ratio. 1011 On the other hand, 
an increased volume load typically results in eccentric 
ventricular hypertrophy in which chamber volume en- 
larges without a relative increase in wall thickness. 1011 * 24 
In its compensated stage, chamber dilation is produced 
by myocyte lengthening, whereas the ventricular num- 
ber of cells is not altered. 24 Importantly, myocyte diam- 
eter also increases, so that a modest absolute increase in 
wall thickness occurs and the ratio of wall thickness- 
to-chamber radius remains constant. 24 In addition, the 
proportion between ventricular mass and chamber vol- 
ume does not vary. When these relations are not 
preserved, decompensated concentric and eccentric hy- 
pertrophy develop, 10 - 11 - 24 as shown here in the form of 
ischemic cardiomyopathy. Specifically, the longitudinal 
and transverse left ventricular caviiaiy diameters in- 
creased 15% and 99%, respectively, provoking a 4.6- 
fold expansion in chamber volume. Mural thickening 
was not observed, and reactive hypertrophy nearly 
doubled the magnitude of ventricular mass inclusive of 
the nonmyocyte components of the myocardium. These 
anatomical rearrangements resulted in a marked de- 
crease in the ratios of wall thickness- to -chamber radius 
and ventricular mass-to-chamber volume. Thus, eccen- 
tric left ventricular hypertrophy in its decompensated 
form characterized congestive heart failure of ischemic 
origin. 

More complex is the descripti n of the phenomena 
inv Ived in the adaptation of the right ventricle in 
ischemic cardiomyopathy. Results showed a modest 
37% expansion in wall area coupled with a 75% increase 
in ventricular mass. These data are consistent with an 
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increase in ventricular mass-to-chamber volume ratio 
and a concentric hypertrophic response. 10 * 11 However, 
the greater wall area implies that chamber dilation 
occurred under these conditions, demonstrating that 
anatomic indexes of cardiac decompensation were pres- 
ent on this side of the heart as well. 

Ventricular dilation and relative wall thinning have 
been shown to be consistent determinants of the acute 
and chronic adaptations of the ventricular myocardium 
following ischemic injury in both humans and animal 
models. 9 - 12 * 1 * 19 - 23 These alterations in ventricular size 
and shape occur as a result of a segmental loss of muscle 
mass due to infarction 12 * 14 or as a consequence of 
scattered foci of tissue damage across the ventricular 
wall associated with severe degrees of coronary artery 
constriction. 26 * 27 Both situations encountered here most 
likely represent the primary factors responsible for the 
sequence of events that led to the increase in ventricular 
cavitary volume and congestive heart failure. 

Two structural mechanisms recently have been iden- 
tified in the genesis of ventricular dilation in ischemic 
cardiomyopathy. The first one involves an architectural 
rearrangement of the myocyte compartment with side- 
to-side slippage of cells within the wall and mural 
thinning, 15 * 28 whereas the second one concerns the 
pattern of the myocyte hypertrophic reaction in which 
the increase in cell length significantly exceeds the 
lateral growth of myocytes. 29 * 30 Muscle fiber slippage 
appears to be an early adaptive response of the wall to 
the elevated diastolic ventricular pressure 28 * 31 33 and 
may account for most of the acute expansions in cavitary 
volume associated with regional 19 * 28 and global 7 * 3133 
ischemia; However, myocyte lengthening is a chronic 
phenomenon that can be expected to generate a larger 
chamber size without affecting wall thickness. 2129 * 30 
Myocyte cell slippage has also been implicated in the 
adaptive response of the heart to pressure 34 and vol- 
ume 35 overloads. In the present study, a 36% decrease, 
in the number of myocytes included in the thickness of 
the left ventricular wall was found in combination with 
biventricular myocyte hypertrophy. In this regard, the 
increases in left and right ventricular myocyte length 
were 51% and 67%, whereas the corresponding in- 
creases in myocyte diameter were only 16% and 13%, 
respectively. Thus, these observations suggest that 
chronic myocardial ischemia is coupled with changes in 
the mural number of myocytes, consistent with side-to- 
side movement of cells within the wall, and myocyte 
lengthening. These anatomic variables contributed' to 
ventricular dilation and the development of decompen- 
sated eccentric left ventricular hypertrophy. On the 
other hand, myocyte lengthening was the exclusive 
mechanism of right ventricular dilation. 

Ischemic Cardiomyopathy and Myocyte 
Hypertrophy 

Although the modifications of cardiac anatomy with 
ischemic cardiomyopathy demonstrated that growth 
compensatory mechanisms were inadequate to maintain 
the relation between ventricular cavitary volume and 
myocardial mass, these gross morphological parameters 
did not provide information concerning the magnitude 
of reactive hypertrophy in the muscle compartment of 
the ventricle. Changes in ventricular weight are com- 
monly used to analyze the extent of cardiac hypertrophy 



associated with pathological states of the heart. This 
approach repeatedly has been considered to provide a 
reliable index of the degree of reactive growth occurring 
at the level of myocytes. However, this type of analysis 
is valid only under the conditions in which ihe propor- 
tion among the different structural constituents of the 
myocardium is not altered and the number of cells in 
the ventricle remains constant. 36 This is not the case 
after coronary occlusion and myocardial infarction or 
after coronary constriction and focal tissue damage. 
Chronic myocardial ischemia was found here to expand 
total myocyte mass in the left ventricle by 47%, signifi- 
cantly less than the 85% increase in left ventricular 
weight. Because of this overestimation of myocyte hy- 
pertrophy based on ventricular weight measurements, 
the reduction in muscle mass-to-chamber volume ratio 
has to be considered to be markedly greater than that 
previously claimed. Because chamber volume expanded 
4.6-fold and the myocyte compartment 1 J -fold, a 3.1- 
fold deficit in muscle mass was present for a complete 
restoration of ventricular mass-to-chamber volume ra- 
tio in the cardiomyopathy heart. This observation was 
restricted to the left ventricle because the expansions in 
myocyte and ventricular mass were similar in the right 
ventricle. 

The phenomenon of ischemic myocyte death, seg- 
mental and diffuse, results not only in reparative pro- 
cesses associated with healing and scar formation but 
also in a reactive hypertrophic response of the over- 
loaded remaining cells. 6 - 9 Such a condition consistently 
has been found in the failing heart of both hu- 
mans 26 - 30 - 37 " 1 and animal models. 40 - 41 Myocyte loss and 
muscle cell hypertrophy have been demonstrated in 
idiopathic dilated 42 * 43 and alcoholic cardiomyopathy, 44 45 
aging, 7 valvular diseases, 37 - 39 and the presence of defects 
in the coronary circulation. 30 Thus, loss of cells may 
constitute a major determinant of myocardial dysfunc- 
tion and ventricular failure in most pathological pro- 
cesses of the heart. In addition, the event of myocyte 
loss is responsible for the difference in the extent of 
hypertrophy detected at the organ, tissue, and cellular 
levels. 6 * 7 - 36 In this regard, the expansion in myocyte cell 
volume per nucleus obtained here markedly exceeded 
the increases in ventricular weight and aggregate myo- 
cyte volume after ischemic cardiomyopathy. Therefore, 
the characterization of muscle mass hypertrophy under 
this setting can be obtained only by the quantitative 
analysis of the changes in number and size of myocytes 6 

Ischemic Cardiomyopathy and Myocardial Fibrosis 

In recent years, several studies in humans 46 and 
animal models 47 have suggested that alterations of the 
collagen framework in the myocardium may play an 
important role in the genesis of ventricular dysfunction 
of ischemic and nonischemic origin. 47 In particular, the 
possibility has been advanced that collagen deposition 
in the cardiac interstitium may constitute a primary 
event leading to a depression in myocardial and ventric= 
ular pump function. 40 This contention is supported by 
the observations in the present study that interstitial 
and replacement fibrosis were found to affect the non- 
infarcted myocardium of both ventricles. Moreover, 
collagen accumulation through these two processes ex- 
ceeded the quantity associated with myocardial infarc- 
tion and ventricular scarring. Hie total amount of 
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connective tissue was found t comprise 28% and 13% 
of the left and right ventricle, respectively. In compari- 
son with control values, these percentages corresponded 
to 4 J -fold and 3.4-fold increases. Because myocyte cell 
volume expanded by approximately 2.0- to 2,5 -fold, the 
changes in the collagen compartment were major com- 
ponents of the remodeling of the ventricle with chronic 
ischemia 

Although there is general agreement that myocyte 
loss is the etiological factor of replacement fibrosis in 
the ventricular wall, 7 - 47 less clear is the mechanism 
responsible for activation of the cardiac interstitium, 
resulting in the accumulation of fibrillar collagen be- 
tween myocytes. Oaims have been made that hormonal 
and/or hemodynamic overloads 47 may trigger fibroblast 
proliferation and collagen neosynthesis in the myocar- 
dium independent of myocytolytic necrosis and muscle 
cell loss. However, death of individual myocytes occurs 
with coronary artery constriction, 7 and this phenome- 
non may stimulate discrete healing processes contribut- 
ing to the expansion of the interstitium. Myocyte loss 
was similar in the two ventricles despite marked differ- 
ences in the fractional volumes of the collagen compart- 
ment The 2.2-fold greater volume percent of connec- 
tive tissue components in the left ventricle with regard 
to the right suggests that collagen neosynthesis may 
have occurred in excess of the magnitude of myocyte 
loss. Alternatively, myocyte cellular hyperplasia might 
have been present in the left ventricle, leading to an 
underestimation of the extent of myocyte cell loss. 

Conclusions 

Scattered myocyte loss leading to the formation of 
multiple foci of replacement fibrosis in the myocardium, 
in combination with interstitial fibrosis, appears to be 
the major cause of ventricular remodeling in the cardi- 
omyopathy heart of ischemic origin. Myocardial infarc- 
tion is a consistent determinant of this process and 
contributes to the alterations in size and shape of the 
heart, but it does not represent the principal etiological 
factor in the accumulation of collagen in the ventricle 
with the progression of the disease. Replacement and 
interstitial fibrosis account for nearly 70% of the 
amount of fibrotic tissue in the myocardium, whereas 
myocardial infarction comprises approximately 30%. 
Importantly, these different forms of damage are only in 
part involved in the dilation of the ventricular chamber 
and the development of decompensated eccentric hy- 
pertrophy. Myocyte lengthening and slippage of cells 
within the wall are the predominant structural mecha- 
nisms responsible for the increase in cavitary volume 
under this setting. However, myocyte hypertrophy is 
inadequate for the preservation of the ventricular mass- 
to-chamber volume ratio. Thus, the ischemic cardiomy- 
opathy process may be initiated by coronary occlusion 
and myocardial infarction, but its evolution is mostly 
controlled by a number f interrelated events occurring 
in the noninfarcted myocardium. How differences in 
treatment among patients as well as the impact of drug 
therapy on myocytes and collagen compartment may 
have influenced the remodeling f the ventricle in 
ischemic cardiomyopathy cannot be established at 
present. 



Acknowledgments 

This work was supported by National Institutes f Health 
grants HL-38132, HL-39901, HL-40561, and HL-37412. The 
technical assistance of Sue Murphy and Trisha Barron is 
greatly appreciated. 

References 

1. Roberts WC. The coronary arteries and left ventricle in clinically 
isolated angina pectoris: a necropsy analysis. Circulation. 197654* 
588-390. 

2. Schuster EH, Bulkley BR Ischemic cardiomyopathy: a clinico- 
pathologic study of fourteen patients. Am Heart / 1980; 100: 
506-512. 

3. Pantery GA, Bristow JD. Ischemic cardiomyopathy. Prog Car- 
diovosc Dis. 1984;27:95-1 14. 

4. Warnes CA, Roberts WC. Sudden coronary death: relation of 
amount and distribution of coronary narrowing at necropsy to 
previous symptoms of myocardial ischemia, left ventricular scarring 
and heart weight. Am J Cardiol 1984;54:65-73. 

5. Buja LM, Willerson JT. The role of coronary artery lesions in 
ischemic heart disease: insight from recent clinicopathologic, 
coronary arteriographic, and experimental studies. Hum Pathol 
1987;18:451-461. 

6. Anversa P v Sonnenblick EH. Ischemic cardiomyopathy: pathophys- 
iologic mechanisms. Pwg Cardiovosc Dis. 199033:49-70. 

7. Anversa P, Li P, Zhang X, Olivetti G, Capasso JM. Ischemic 
myoca; J ia1 injury and ventricular remodeling. Cardiovosc Res. 
1993;27:145-157. 

8. Ginzton LE, Conant R, Rodriques DM, Laks MM. Functional 
significance of hypertrophy of the noninfarcted myocardium after 
myocardial infarction in humans. Circulation. 1989-30.816-822. 

9. Pfeffer MA, Braunwald E Ventricular remodeling after myo- 
cardial infarctton. Circulation. 1990;81:1161-1 172. 

10. Grossman W, Jones D, McLaurin LP. Wall stress and patterns of 
hypertrophy in the human left ventricle. J Clin Invest 1975*56: 
56-64.' 

Grossman W, Carabello BA, Gunther S, Fifer MA. Ventricular 
wall stress and the development of cardiac hypertrophy and failure. 
In: Alpert NR, ed. Perspectives in Cardiovascular Research: Myo- 
cardial Hypertrophy and Failure. New York: Raven Press, Pub- 
lishers; 1983;7:1-18. 

12. McKay RG, Pfeffer MA, Pasternak RC, Markis JE, Come GC, 
Nakao C, Alderman JD, Ferguson JJ, Safian RD, Grosman W. Left 
ventricular remodeling after -rjyocardial infarction: a corollary to 
infarct expansion. Circulation. 1986;74:693-702. 

13. Pfeffer MA, Lamas GA, Vaughan DE, Parisi AF, Braunwald E 
Effect of captopril on progressive ventricular dilatation after 
anterior myocardial infarction. N EngfJ Med. 1988^19:80-86. 

14. Warren SF, Royald HD. Markis JE, Grossman W, McKay RG. 
Time course of left ventricular dilatation after myocardial 
infarction: influence of inferct-related artery and success of 
coronary thrombolysis. J Am Coil Cardial 1988;11:12-19. 

15. Weisman HF, Bush DE, Manntsi JA, Weisfekft ML, Healy B. 
Cellular mechanisms of myocardial infarct expansion. Circulation. 
1988;78:186-201. 

•u. aiwjpv «<*, juuui n, mutpiiy j f Haiinan a. treatment of patients 
with symptomless left vf»tncu!«r dysfunction after myocardial 
infarction. Lancet 1988;1:255-259. 

17. Olivetti G, Melissari M, Capasso JM, Anversa P. Cardiomyopathy 
of the aging human heart: myocyte loss and reactive cellular hyper- 
trophy. Ore Res. 1991;68:1560-1568. 

18. Mendez J, Keys A. Density and composition of mammalian 
muscle. Metabolism. 1960;9:184-188. 

19. Capasso JM, Li P, Zhang X, Anversa P. Heterogeneity of ven- 
tricular remodeling after acute myocardial infarction in rats. Am J 
Physiol 1992362:H486-H495. 

20. Loud AV, Anversa P. Morphometric analysis of biologic processes. 
Lab invest 1984;5<h250-261. 

21. Anversa P, Beghi Q Kflckawa Y, Olivetti G. Myocardial infarction 
in rats: infarct size, myocyte hypertrophy, and capillary growth. 
Cue Res. 19862836-37. 

22. Dodge HT, Sandler H, Baxley WA, Hawley RR. Usefulness and 
limitation of radiographic methods for determining left ventricular 
volume. Am J Cardiol 1966;18:10-23. 

23. Anversa P, Levtcky V, Beghi C, McDonald SL, Kikkawa Y. Mor- 
phometry of exercise-induced right ventricular hypertrophy in the 
m. Ore Res. 1983;52:57-64. 



Beltrami et al Ventricular Remodeling and Ischemic Cardiomyopathy 163 



24. Anversa P v Rtcci R, Olivetti G. Quantitative structural analysis of 
the myocardium during physiologic growth and induced cardiac 
hypertrophy: a review. J Am Coil Cardiol 1986;7:1140-1149. 

25. Pfeffer JM, Pfeffer MA, Fletcher PJ, Braunwald E. Progressive 
ventricular remodeling in rat with myocardial infarction. Am J 
Physiol 1991260:H1406-H1414. 

26. Arbustini E, Pozzi R, Grasso M, Gavazzi A, Diegoli M, Bramerio 
M, Grariano G, Campana C, Angoli L, DeServi S, Martinetli U 
Goggi C, Vigano M, Specchia G. Pathologic substrates and clinical 
correlates of coronary artery disease and chronic congestive heart 
failure requiring cardiac transplantation. Cor Art Dis. 1991;2: 
605-611 

27. Anversa P, Zhang X, U P, Capasso JM. Oironic coronary artery 
constriction leads to moderate myocyte loss and left ventricular 
dysfunction and failure in rats. / Clm Invest, 1992;89:618-629. 

28. Olivetti G, Capasso JM, Sonnenblkk EH, Anversa P. Side-to-side 
slippage of myocytes participates in ventricular wall remodeling 
acutely after myocardial infarction in rats. On Res. 1990;67:23-34. 

29. Olivetti G, Capasso JM, Meggs LG, Sonnenblick EM, Anversa P. 
Cellular basis of chronic ventricular remodeling after myocardial 
infarction in rats. Ore Res. 1991;68:856-869. 

30. Gerdes AM. Kellerman SE, Moore J A, Muffy KE, Qarfc LC, 
Reaves PY, Malec KB, McKeown PP, Schocken DD. Structural 
remodeling of cardiac myocytes in patients with ischemic cardio- 
myopathy. Circulation. 1992;86:426-430. 

31. Capasso JM, Jeanty MW, Patackal T, Olivetti G, Anversa P. Ven- 
tricular remodeling induced by acute non-occlusive constriction of 
the coronary artery in rate. Am J Physiol. 1989;257:H1983-H1993. 

32. Factor SM, Flomenbaum M, Zhao MJ, Eng C Robinson TF. The 
effects of acutely increased ventricular cavity pressure on intrinsic 
myocardial connective tissue. J Am Coli Cardiol 1988; 12: 
1582-1589. 

33. Zhao MJ, Zhang H, Robinson TF, Factor SM, Sonnenblick EH, 
Eng C. Profound structural alterations of the extracellular collagen 
matrix in posttschernic dysfunctional ('stunned*) but viable myo- 
cardium. JAmCoU Cardiol 1987;10:1322-1334. 

34. Vitali-Mazza L, Anversa P, Tedeschi F, Mastandrea R, Mavilla V, 
Visioli O. Ultrastructural basis of acute left ventricular failure from 
severe acute aortic stenosis in the rabbit. J Mol Cell Cardiol. 1972; 
4:661-671. , 



35. Ross J Jr. Sonnenblick EH, Taylor R, Spotnitz HM, Covell JW. 
Diastolic geometry and sarcomere lengths in the chronically 
dilated canine left ventricle. Ore Res. 1971;28:49-61. 

36. Anversa P, Capasso JM. Cardiac hypertrophy and ventricular 
remodeling. /^/nv«f. 1991;64:441-445. Edit rial. 

37. Unzbach AJ. Heart failure from the point of view of quantitative 
anatomy. Am J Cardiol 1960^5:370-382. 

38. Astorri E, Chizzola A, Visioli O, Anversa P, Olivetti G, 
Vitali-Mazza L Right ventricular hypertrophy: a cytometric study 
on 55 human hearts. J Mol an Cardiol 1971;2:99-110. 

39. Astorri E, Bolognesi R, Colla B, Chizzola A, Visioli O. Left ven- 
tricular hypertrophy: a cytometric study on 42 human hearts. J Mol 
Cell Cardiol 1977;9:763-775. 

40. Weber KT, Janicki JS, Shroff SG, Pick R, Chen RM, Bashey RI. 
Collagen remodeling of the pressure overloaded, hypertrophied 
nonhuman primate myocardium. Ore Res. 1988;62:757-765. 

41. Hitttnger L, Shannon RP, Bishop SP, Gelpi RJ, Vatner SF. Suben- 
domyocardial exhaustion of blood flow reserve and increased 
fibrosis in conscious dogs with heart failure. Ore Res. 1989**65: 
971-980. 

42. Unverferth DV, Baker PB, Swift SE, Chaffee R, Fetters JK, 
Uretsky BF, Thompson ME, Leier CV. Extent of myocardial 
fibrosis and cellular hypertrophy in dilated cardiomyopathy. Am J 
Cardiol 1986;57:816-820. 

43. Roberts WC, Siegel RJ, McManus BM. Idiopathic dilated cardio- 
myopathy: analysis of 152 necropsy patients. Am J Cardiol 1987; 
60:1340-1355. 

44. Rubin E. Alcoholic myopathy in heart and skeletal muscle. NEntf 
J Med. 1979;301:28-33. 

45. Capasso JM, U i\ Guideri G, Malhotra A, Cortese R, Anversa P. 
Myocardial mechanical, biochemical, and structural alterations 
induced by chronic ethanol ingestion in rats. Ore Res. 1992;71: 
346-356. 

46. Schaper J, Froede R, Hem S, Buck A, Hashizume H, Speiser B, 
Friedl A, Bleese N. Impairment of myocardial ultrastructure and 
changes of the cytoskeleton in dilated cardiomyopathy. Circulation. 
1991;83:504-514. 

47. Weber KT, Brilla CG. Pathological hypertrophy and cardiac inter- 
stttium: fibre* is and renin-ongiotensin-aldosterone system. Circu- 
lation. i991;83:1849-1865. . 



